Absorption spectra of polycrystalline L-, D-, and DL-alanine have been measured by the terahertz time domain spectroscopy ͑THz-TDS͒ in the frequency range from 10 to 90 cm −1 at room temperature. We observed several absorption bands, which have the large difference between enantiomers ͑L-and D-alanine͒ and the racemic compound ͑DL-alanine͒ in their peak frequencies. This obvious difference shows that the THz absorption bands are strikingly sensitive to the crystal structures. This result indicates that the THz-TDS can be used for distinguishing between the enantiomers and the racemic compound. We propose and demonstrate a method to determine the enantiometric composition of amino acids from the THz absorption spectra.
Various applications of terahertz ͑THz͒ electromagnetic waves have been suggested by many researchers, including medical, pharmaceutical, and security applications.
1-8 Some achievements such as the marker-free DNA sensing, 1 the diagnosis of skin cancers, 2 the inspection of explosives 3 and illegal drugs, 4 and the degradation diagnosis of polymers 5 have already been reported. Absorption bands characteristic to specific crystal structures allow the use of the THz waves for studying polymorphs of medicines. 6 Absorption spectra in the THz range provide rich information about weak interactions such as inter-ring interactions of the di-saccharide 7 and intermolecular interactions of the benzoic acid crystal. 8 It is expected that the THz waves can be applied to probing the interactions between biomolecules with which their functions work. Not only probing and sensing for biomolecules, the THz waves may be used in medical treatments or therapeutic ways if sufficiently strong THz sources are available. Recently, mid-infrared light ͑ϳ5.75 m͒ from a freeelectron laser was used to dissociate cholesterol esters, 9 demonstrating that selective excitations of vibrational modes in biological molecule can be used as a tool for medical treatments. In the same analogy, a concept of selective excitation to damage cancer cells by strong THz beams for remedy has also been proposed. 10 Amino acids are biologically important materials because they are backbones of proteins and one of the amino acids ͑L-glutamic acid͒ has been measured by the THz spectroscopy. 11 Amino acids except glycine have two enantiomers ͑L-and D-amino acids͒ and living organisms consist of only L-amino acids. Racemic bodies, which contain equal amounts of the two enantiomers, are classified into two groups according to their physical properties. One is the racemic mixture, which consists of polycrystalline enantiomers and has the same physical properties as the enantiomers. The other is the racemic compound, which is crystallized with the pairs of L-and D-amino acid molecules and shows physical properties different from those of individual enantiomers. A high degree of purification of L-amino acids is required for food products and academic use and the purity needs to be confirmed in the production lines. Therefore, it is important to develop a method to determine the amounts of the enantiomers and the racemic compound of amino acids. However, the currently used methods for measuring enantiometric purity are time consuming and lack in sufficient precision. 12 Methods based on absorption spectra in the THz range are possible ways to distinguish between the enantiomers and the racemic compound because the absorption bands in the THz range are sensitive to the difference in the crystal structures. 13 The THz time domain spectroscopy ͑THz-TDS͒ 14 using the THz pulses generated by femtosecond laser pulses is a powerful tool for measuring the optical properties in the frequency range below 100 cm −1 ͑3 THz͒. Absorption spectra with a better signal-to-noise ratio can be obtained by the THz-TDS compared to those measured by the far-infrared Fourier transform ͑FIR FT-IR͒ spectroscopy in this range.
In this letter, we measured the absorption spectra of polycrystalline L-, D-, and DL-alanine ͓H 3 N + -CH͑CH 3 ͒ -COO − ͔ by the THz-TDS. DL-Alanine forms the racemic compound and not the racemic mixture when crystallized from water solution. 15 The measurement of the THz spectrum has not been reported about DL-alanine although L-alanine has been studied in detail by the FIR FT-IR spectroscopy. 16 It was found that the THz absorption spectra show a large difference between the enantiomers and racemic compound of alanine. Based on this result, we propose a method to determine the enantiometric composition with the THz absorption spectra.
L-, D-, and DL-Alanine powders were purchased from Sigma-Aldrich and they were used without any further purification. We mixed alanine powder with MgO powder, the absorption coefficient of which is smaller than 20 cm −1 in the measured frequency range. The intensity of the continuous absorption due to the MgO additive was weaker than one fifth of that of alanine measured. We mixed 100 mg alanine with 100 and 70 mg MgO to obtain the THz spectra in Figs. 1 and 2, respectively. These mixtures were pressed under a pressure of 14 MPa to form pellets with a diameter of 13 mm and a thickness of 1 mm. We measured the absorption spectra of the sample pellets in the frequency range from 10 to 90 cm −1 using a standard THz-TDS setup. 17 A modelocked Ti:sapphire laser was used as the pump source, a pulse width and a repetition rate of which were 50 fs and 82 MHz, respectively. The emitter was a 1-mm thick ͑110͒-cut ZnTe crystal excited by laser pulses with the average power of 160 mW. The THz radiation from the emitter was collected and focused on the sample by a parabolic mirror. The THz radiation transmitted through the sample was collected and focused by another parabolic mirror on to the detector photoconductive antenna, which was a lowtemperature-grown GaAs-based antenna 18 triggered by probe pulses with the average power of 15 mW. The photoconductive current signal, which is proportional to the sampled THz field amplitude, was detected with a lock-in amplifier and its time-domain signal was obtained by scanning the optical delay of the probe pulse with respect to the pump pulse. By Fourier transforming the time-domain signal, we obtained the amplitude spectra, E s ͑͒ and E r ͑͒, for the sample and the reference pellets, respectively. The reference pellet contained only MgO with the same amount of the measured sample. The absorption spectra of a sample, ␣͑͒, were calculated using,
The spectral resolution of Figs. 1 and 2 is 0.13 cm −1 . Figure 1 shows the absorption spectra of L-, D-, and DL-alanine. All spectra show several absorption peaks and 16 For DL-alanine, no absorption bands at 74.4 or 85.7 cm −1 but one absorption band at 41.8 cm −1 is observed. The band frequencies for L-͑D-͒ alanine and that for DLalanine are quite different from each other. The difference of these peak frequencies suggests that these bands originate from the intermolecular vibrational modes. To confirm this, we measured the absorption spectra of the deuterated L-alanine, L-alanine-d 7 ͓D 3 N + -CD͑CD 3 ͒ -COO − ͔. By deuteration, the absorption band observed at 74.4 cm −1 for L-alanine shifts to 72.7 cm −1 for L-alanine-d 7 . The frequency of a vibrational mode is inversely proportional to the square root of the reduced mass. The frequency shift of the 74.4 cm −1 band can be explained by estimating the reduced mass associated with the vibrational mode. The observed shift of the peak frequency from 74.4 cm −1 for L-alanine agrees well with the calculated shift based on the assumption that the reduced mass of this vibrational mode is equal to the molecular weight of alanine ͑89 for L-alanine and 96 for L-alanine-d 7 ͒. Therefore, the agreement of the band shift indicates that the absorption bands observed in the measurement frequency range definitely originate from the intermolecular vibrational mode. The crystal structures of L-and D-alanine ͑enantiomers͒ are orthorhombic ͑the space group D 2 4 ͒ with four monomers in the unit cell, 19 and that of DLalanine is orthorhombic ͑the space group C 2v 9 ͒ with four monomers in the unit cell. 15 Both structures are similar to each other in cell dimensions and projected structures. 19 Nevertheless, the THz spectra are quite different from each other, suggesting their sensitiveness to a small change of the crystal structure.
The continuous absorption observed in all absorption spectra in Fig. 1 decreases with decreasing temperature, but does not disappear completely even at 10 K ͑not shown͒. The continuous absorption at 10 K is considered to be due to the scattering loss by the grains in the sample pellets since this background is sensitive to the grain size and the uniformity of the mixture of alanine and MgO powder. The temperature-dependent components of the continuous absorption are considered to have at least two contributions. One is the two-phonon processes, in which absorption due to sum and difference combinations of fundamental phonon modes occurs. 20 Another contribution to the continuum is the tail of the absorption bands above 100 cm −1 . There is the strong absorption band peaked at about 110 cm −1 for L-alanine at 10 K. 16 This band broadens and shifts to lower frequency with increasing temperature. The tail of this band is observed in the measured frequency range as the broad background absorption.
The large spectral difference between the enantiomers and the racemic compound in Fig. 1 makes it Figure 3 shows the composition dependence of I 41.8 and I 74. 4 . The significant feature in Fig. 3 is the linear dependences of I 41.8 and I 74.4 on . This linearity enables us to determine the composition ratio of the racemic compound to the enantiomers quantitatively from the ratio of I 41.8 to I 74. 4 . This result also suggests that in the sample can be determined when we know which of D-and L-alanine is the major content. The determination of based on the THz absorption can be applied to dating in the archaeology. Isomerization from L-to D-amino acids in living organisms starts just after the death and proceeds with long half-lives. 21 We can estimate the date when a fossil animal died from in the following procedures. ͑1͒ Isolation and purification of alanine in fossils of animals. ͑2͒ Recrystallization of the mixture ͑L-and D-alanine͒. ͑3͒ Measurements of the absorption bands at 41.8 and 74.4 cm −1 ͑or 85.7 cm −1 ͒ by the THz-TDS. ͑4͒ Determination of from the relative intensity of the absorption bands at 41.8 and 74.4 cm −1 ͑or 85.7 cm −1 ͒. The chemical analysis of polymorphs 6 and racemic compounds using the THz-TDS is very effective for relatively pure materials. However, we should be aware of several fundamental problems, which limit the usefulness of the THz-TDS for a wide range of applications. Absorption intensities of the intermolecular vibration are relatively weak compared to those of the intramolecular vibration and electronic transition in the mid-infrared and visible regions. The chemical analysis by the THz-TDS cannot be made for small amounts of samples though we can measure the THz spectra of such thick samples as do not transmit the mid-infrared and visible light inversely. Further, the strong absorption of water in the THz range makes it difficult to obtain the intrinsic spectra of molecules in water solution and mixed materials containing water. The THz-TDS would expand in real-world applications by overcoming these problems.
In summary, we have measured the absorption spectra of polycrystalline L-, D-, and DL-alanine by the THz-TDS. We found that the absorption peak frequency of DL-alanine is significantly different from those of L-and D-alanine. The similar THz spectral differences in peak frequencies between pure enantiomers and the racemic compounds are observed for the following amino acids: valine, leucine, isoleucine, aspartic acid, methionine, phenylalanine, tyrosine, proline, and tryptophan. These results indicate that the absorption bands in the THz range are sensitive to the crystal structures of amino acids. We proposed and demonstrated a method to determine the enantiometric composition in amino acids which form the racemic compounds by the THz spectroscopy. This method offers the possibility to provide a practical method for distinguishing between the enantiomers and racemic compounds in the pharmaceutical industry and in archaeological applications.
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